Keywords: double perovskite, lead free, long diffusion length, planar solar cell Solution-processed lead halide perovskites have shown superior optoelectronic properties, including strong and tunable light absorption/emission, long carrier diffusion lengths, and high carrier mobilities. [1, 2] As a result, the power conversion efficiencies of perovskite solar cells have increased from 3.8% to 22.1% within only a few years, making perovskites the fastestadvancing technology in the photovoltaic history. [3, 4] To ensure the sustainability of the perovskite photovoltaic technology, the number of studies to address the lead (Pb) toxicity and device stability issues has increased. [5] [6] [7] The most obvious option for lead-free perovskites is the substitution of Pb 2+ with another divalent cation (e.g., germanium (Ge 2+ ) or tin (Sn 2+ )). [8, 9] Submitted to 2 Unfortunately, the resulting perovskites based on Sn 2+ or Ge 2+ are easily oxidized by O2, limiting their practical applications. [10] Bismuth (Bi)-based organic-inorganic metal halides have also been studied as an alternative for solar cell applications. [11] Different from the 3-D lead-based perovskites, the 0-D to 2-D structures of Bi-based organic-inorganic halides lead to strongly bound excitons with low mobilities.
Unfortunately, the resulting perovskites based on Sn 2+ or Ge 2+ are easily oxidized by O2, limiting their practical applications. [10] Bismuth (Bi)-based organic-inorganic metal halides have also been studied as an alternative for solar cell applications. [11] Different from the 3-D lead-based perovskites, the 0-D to 2-D structures of Bi-based organic-inorganic halides lead to strongly bound excitons with low mobilities. [5] A new generation of perovskites, lead-free halide double perovskites with a general formula of A2M + M 3+ X6, where both A + and M + are mono-valent cations, M 3+ is a trivalent cation, and X is a halide, provide rich substitutional chemistry and promising optoelectronic properties. [12] Several groups have successfully synthesized double perovskite powders and single crystals, and carried out crystal characterizations and fundamental studies. [13] [14] [15] Double perovskites show tunable bandgaps spanning the visible to near-infrared spectra and possess relatively low carrier effective masses that are favorable for efficient charge transport and extraction, similar to 3-D lead-based perovskites. [14, 16] Moreover, these materials provide rich substitutional chemistry, which can dramatically change their photophysical properties. [17, 18] For example, Tldoped Cs2(Ag1-aBi1-b)TlxBr6 (x=0.075) results in a decrease in the bandgap of ca. 0.5 eV. [18] Recent first-principle calculations also indicate that halide double perovskites are promising candidates for photovoltaic applications. [16, 19, 20] Furthermore, these double perovskites are much more stable than Ge or Sn perovskites in repelling the attacks by O2 and H2O. [15, 21] However, since the precursors of double perovskites cannot dissolve in common solvents (for example, Dimethylformamide-DMF) which are frequently for lead-based perovskites, it is still a challenge to fabricate double perovskite solar cells. [22] And also, most of the fundamental questions concerning the photophysics of double perovskite films remain unexplored and unknown due in part to the lack of uniform and high-quality films.
In this work, we demonstrate the first double perovskite solar cells using the planar structure.
We prepare high-quality films with single-layer Cs2AgBiBr6 crystals. Through photo-physical investigations, we find the coexistence of excitons and free carriers in the material. These Cs2AgBiBr6 films show a long photoexcited carrier diffusion length of approximately 110 nm.
The resulting solar cells based on planar TiO2 exhibit an average power conversion efficiency (PCE) over 1%.
The high quality Cs2AgBiBr6 films are prepared through a one-step spin-coating process from single-crystal Cs2AgBiBr6 solutions. Figure 1a and 1b show typical scanning electron microscopy (SEM) images of the perovskite films from a 0.5 M solution. The surface roughness (Rq) is only approximately 24 nm ( Figure S1 ). The smooth film is essential for the following photoluminescence (PL)-quenching measurements and photovoltaic performance. The films are composed of closely packed polycrystalline grains with diameters of 100-500 nm. To examine each individuate grains, TEM and selected electron diffraction (SAED) are performed.
Impressively, both TEM and SAED reveal that each grain is a single crystal (Figure 1c ), although the films are polycrystalline. This feature is beneficial for the photovoltaic performance since there is no grain boundary in between from top to bottom of the film. The limited grain boundary in the vertical direction would be important for efficient carrier transfer in devices. In addition, the XRD pattern confirms the pure phase in the Cs2AgBiBr6 films, matching well with the results of the simulation (Figure 1d ). Figure 2 shows the UV-Vis absorption of Cs2AgBiBr6 thin film. There are three parts in the absorption spectrum: below 400 nm, with a flat absorption feature; an excitonic absorption band in the region from 400-500 nm; and a very weak indirect absorption band between 500-538 nm, similar to that in single crystals. [14] The absorption coefficients at 439 nm reach up to 1×10 5 cm -
1
. By using the Elliott formula, the direct bandgap (Egd) is approximately 3.26 eV (See Supporting Information and Figure S2 ). The indirect band gap cannot be determined by the thin films due to its weak absorption, but was extracted previously to be approximately 1.95 eV from single crystals. [14] We obtain PL spectra and time-resolved photoluminescence (TRPL) studies to understand the photoexcited species. As shown in Figure 2a , the broad PL peak centered at approximately 2.0 eV (620 nm) can be attributed to the indirect bandgap emission, as it corresponds well with the indirect absorption and emission found previously in single crystals. [14] The excitation intensity dependence of PL intensity just after photo-excitation is generally a good indicator of the nature of the radiative recombination processes. [23] Briefly, the initial PL intensity exhibits a quadratic dependence on the photo-excitation density for emission by free-carrier band edge
where n is the photo-excitation density (See Supporting Information for detailed explanation). For emission by radiative recombination of excitons or free carriers with doped carriers, PL|t=0 ∝ n. [24, 25] It is noted that the PL signal is too weak to be detected if the carrier density below 10 16 cm -3 . When the carrier density is between 10 16 and 10 17 cm -3 , the PL intensity shows power-dependence on the carrier density with a scaling factor (λ) of 1.34
( Figure 2b ). This value suggests either the coexistence of radiative recombination of the free electrons-holes (recombination order 2) and the free carriers with doped carriers (recombination order 1), or the coexistence of excitons (recombination order 1) and free electrons-holes in the measured excitation density range. However the doped carrier density measured by Hall Effect is on the order of 10 13 cm -3 , which is not comparable to the photo-excitation density. Hence, it would be more reasonable to conclude that excitons and free carriers coexist in the double perovskite films, and the exciton possesses a higher ratio in the measured excitation range.
Further increasing the carrier density to above 10 17 cm -3 causes the linear scale factor (λ) to decrease to 0.85. Meanwhile, the effective PL lifetime (τeff, the time the PL intensity drops to 1/e of its maximum value) also decreases continuously with increasing carrier densities ( Figure   S3 ), implying strong high-order recombination such as exciton-carrier and exciton-exciton Auger recombination at high carrier densities. This unusual photophysical behavior contrasts from that of lead-based perovskites and further investigations are warranted.
To quantify the carrier diffusion length of the Cs2AgBiBr6 film, we carry out transient can be fitted by a bi-exponential decay function at low excitation density, with time constants being τ1= 2.5 ± 0.4 ns (52%), τ2= 35 ± 1 ns (48%), which arises from the crystal size inhomogeneity. As a result, the effective excitation lifetime τeff (the time for the PL decaying to 1/e of its initial intensity:
, where τi is the ith fitted lifetime component of the decay curve and Ai is its weighted amplitude) in pristine film is 13.7 ± 0.4 ns (Figure 2c ). After the film is coated with PC61BM, the PL decays much faster, with τeff being 2.4 ± 0.4 ns. This indicates highly efficient electron transfer from the perovskite to PC61BM. A similar value of 2.6 ± 0.2 ns was obtained for Spiro-MeOTAD coated perovskite films. Based on the PL quenching model, [25] we estimate an average photoexcitation mobility of 0.37 ± 0.15
s -1 , and the photoexcitation diffusion length for electrons and holes approximately 110 ± 20 nm. The similarity of diffusion length is consistent with the dominance of excitons as the primary photoexcitation species in the excitation density range. With photoexcitation diffusion lengths above 100 nm, the double perovskite polycrystalline film already shows excellent carrier diffusion properties comparable to those of lead-based perovskite films possessing typical carrier diffusion lengths of 100 nm -1 µm. [25, 26] It is noted that the diffusion length measurements were performed at a carrier density of ~5×10 16 ). [27] It is difficult to make sure whether there is a trap-filling effect during the TRPL measurements, as we did not observe an increase of carrier lifetime with increasing the carrier density ( Figure S4 ), possibly due to low trap density in the devices. Therefore, trap-filling as well as the tendency of the photo- The grain size and crystallinity gradually increase with increasing annealing temperature.
Unfortunately, a large number of pinholes appear when the annealing temperature increases above 300 °C. Further increasing the annealing temperature to 400 °C results in the degradation of the films ( Figure S8 ).
The optimized devices exhibit an average PCE of 1.05% (averaged from 40 devices from 5 different batches) and outstanding PCE of 1.22% with a Voc of 1.06 V (Figure 3c ). Figure 3d shows the corresponding stabilized power output with a bias of 0.82 V. The device exhibits a rapid response after illumination, resulting in a stable PCE of 1.17% over 600 s of illumination.
Notably, there is almost no hysteresis behaviour in the J-V curves, implying less trapping/detrapping or ion migration in Cs2AgBiBr6 compared with lead-based hybrid perovskites. Very recently, Scanlon and co-workers estimated the spectroscopic limited maximum efficiency (SLME) of Cs2AgBiBr6 (200 nm) to be 7.92%. [28] The SLME takes into account the strength of optical absorption and the nature of the band gap in the overall theoretical efficiency of an absorber material. [29] As an indirect band gap semiconductor, the SLME of Cs2AgBiBr6 is significantly dependent on the thickness of the films, and hence future approaches are required either to enhance the thickness of Cs2AgBiBr6 films or to make Cs2AgBiBr6 into direct bandgap semiconductor, e.g., through doping. [18] We note that the efficiency we obtained (up to 1.22%) is much lower than the SLME of Cs2AgBiBr6 at 200 nm, in spite of high crystal quality. One of the reasons might be due to the fact that the charge extraction efficiency of TiO2 for the Cs2AgBiBr6 films is not as efficient as those of Spiro-MeOTAD and PC61BM. PL intensity and decay of TiO2/Cs2AgBiBr6 show no obvious difference compared with those of pure Cs2AgBiBr6 ( Figure S10 ). Since the band energy of Cs2AgBiBr6 matches with those of TiO2 and Spiro-OMeTAD ( Figure S11 ), the reason is possibly due to the presence of an interfacial barrier from surface defects, similar to the MAPbI3:TiO2 heterojunction. [30] We also estimate the theoretical JSC value for Cs2AgBiBr6 devices based on the diffusion length values and the absorption coefficient. [31] The calculated theoretical Jsc value for Cs2AgBiBr6 devices can be around 5.2 mA/cm 2 , which is higher than 1.7 mA/cm 2 in our results. This also implies poor charge extraction of TiO2 in the devices. We 
Measurement and Characterization:
The XRD patterns of the products were recorded with a X'Pert PRO X-ray diffractometer using Cu Kα1 irradiation (λ = 1.5406 Å). The Ultravioletvisible absorption spectra were measured on a Shimadzu spectrophotometer (UV-2450). The general morphologies of the films were characterized by scanning electron microscopy (SEM, LEO 1550). The Atomic force microscope measurement was carried out using a Dimension 3100/NanoScope IV system equipped with a C-AFM module (Veeco, Bruker). Transmission electron microscopy (TEM) was performed in the FEI Tecnai G2 TF20 UT with a field emission gun operated at 200 kV and a point resolution of 0.19 nm. Sample thicknesses were measured using an Alpha step 500 Surface profilometer. The current density-voltage (J-V) curves were measured (Keithley Instruments, 2400 Series SourceMeter) under simulated AM 1.5 Solar
Simulator. The effective area of the cell was defined as 0.075 cm 2 . The EQE data were obtained using a solar cell spectral response measurement system (QE-R3011, Enli Technology Co. Ltd), and the light intensity at each wavelength was calibrated with a standard single-crystal Si photovoltaic cell. PL and TRPL measurements were performed using 400 nm femtosecond excitation pulses (> 50 fs). The laser pulses were generated by passing the strong 800 nm femtosecond laser beam (Coherent Libra, 50 fs) through a BBO crystal (frequency doubler).
The emitted light was collected at a backscattering angle by a spectrometer (Acton, Spectra Pro 2500i) and CCD (Princeton Instruments, Pixis 400B) in PL measurements and by an Optronis
Optoscope streak camera system which has an ultimate temporal resolution of 6 ps in TRPL measurements.
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Supporting Information is available from the Wiley Online Library or from the author. 
where A is a constant determined by the transition matrix element, Eg is the bandgap, θ is the step function, Rex is the exciton binding energy, ∆ is defined as
, δ is a delta function and nex is the principle quantum number. The step and delta functions were convoluted with a Gaussian broadening. The main fitting results are listed in Table S1 and Figure S2 . Table S1 . Fitting parameters used in the Elliott formula. Rex is the direct exciton binding energies. σc and σex are the Gaussian broadening used in the fitting for the excitonic and continuum bands, respectively. 
